P-band ultra-wideband bistatic synthetic aperture radar (UWB BSAR) has the well capability of the foliage penetrating, high-resolution imaging and adding the scattered information, which is potential of detecting the concealed target. However, the P-band UWB BSAR raw data is of the huge amount, big spatial-variance, significant range azimuth coupling and complicated motion error, which increases the difficulty of the efficient and precise reconstruction. In this paper, we propose a reconstruction strategy for the P-band UWB BSAR raw data including the motion errors, which can solve the above problems with the high-efficiency and high-precision. This method requires the local beamforming from the raw data as an intermediate processing in the slant range plane instead of ground plane, which can be exactly referenced to the tracks of the transmitter and receiver considering platform altitudes. And, it derives the requirement for selecting the subapertures and subimages by analyzing the bistatic range error considering the motion errors, as well as sampling requirement of the beam for the subimages, which offers a near-optimum tradeoff between the precision and efficiency. Simulated and measured results show that the proposed strategy is effective, and can achieve the near optimal performance with the low computational complexity.
range [27] [28] [29] . And, BSAR has another advantage of the single-pass interferometry with a long baseline to greatly get the height accuracies [30] . Also, BSAR has the potential of the cost reduction by using one active transmitter and several passive receivers [31] . On account of the flexible deployment, BSAR can increase the scattered information; the reason is that the scattering characteristics of targets depend on the line-of-sight (LOS) vectors to receiver and transmitter [29] . P-band ultra-wideband (UWB [32] ) BSAR system, in comparison with the P-band UWB monostatic SAR, is able to improve the foliage penetration ability due to the short integration time for the BSAR working in a long range [33] , which can increase the detection performance of concealed targets under the foliage or subsurface. Besides, the P-band UWB BSAR has an increase of the target to clutter ratio, because the dihedral-like scattering mechanism dominates many of the strong clutter return [34] . Recently, the interest on the P-band UWB BSAR technique has rapidly increased, and then the UWB BSAR systems have been studied and built. So far, several UWB BSAR experiments with the different configurations have been carried out, and then the experimental results were also obtained [31] [32] [33] [34] .
However, P-band UWB BSAR raw data is of the huge amount, significant range-azimuth coupling, large spatialvariance, and complex motion error, which may increases the difficulty of the efficient and precise reconstruction of the raw data. In general, the BSAR raw data reconstruction strategy is classified into the time-domain reconstruction (TDR) and frequency-domain reconstruction (FDR), which can be developed and modified from the corresponding reconstruction strategy for the monostatic SAR raw data. Bistatic FDR strategy mainly includes the range Doppler (RD) method [35] , frequency scaling (FS) method [36] , Omega-k (WK) method [37] , polar format (PF) method [38] , chirp scaling (CS) method [39] and nonlinear CS (NCS) method [40] . However, the bistatic FDR strategy is only valid for the raw data reconstruction of some limited BSAR systems [35] [36] [37] [38] [39] [40] , because there is the approximate processing in the reconstruction of the BSAR raw data, including the approximation of the range-azimuth coupling, spatial-variance and motion error, which may cause some phase errors for the special bistatic case like the P-band UWB BSAR system. Luckily, the bistatic TDR strategy, like the backprojection (BP) method, is regarded as a linear transformation for the BSAR raw data processing, thus it can be used to reconstruct the BSAR image with the high-precision [41] . The bistatic BP method can work with almost all configurations of BSAR systems, thus there is no limitation for the speed, track, and altitude of the transmitter and receiver platforms, i.e., there is also no limit for the bistatic angle [46] . However, the bistatic BP method has a high computational complexity, which cannot be used as a standard strategy for BSAR data reconstruction.
In order to improve the reconstruction efficiency, the efficient realization of the bistatic BP method was studied, i.e., bistatic fast factorized BP (FFBP) method [42] [43] [44] [45] [46] [47] [48] [49] , which was developed from the corresponding monostatic FFBP method [50] . Author of [42] first extended the FFBP method to reconstruction the one stationary BSAR raw data, but didn't provide the relational experiments. Author of [43] gave the basic principle of the bistatic FFBP method to focus the BSAR raw data, however, it didn't offer the specific realization. Author of [44] proposed a bistatic FFBP method for the spaceborne-airborne BSAR system, and it represented the subimage in the elliptical polar grid, which was only referenced to the track of the receiver or transmitter. However, in the derivation of the sampling requirement for the elliptical polar grid, only the linear track BSAR system with a higher angular velocity has been considered, therefore it was limited in some special BSAR circumstances. Based on [44] , an improved bistatic FFBP method in the elliptical polar coordinate was proposed, it derived the sampling requirement for the elliptical polar grid considering the motion errors, while the elliptical polar grid was also only referenced to the transmitter track [45] . Authors of [46] presented a novel bistatic FFBP method based on the subapertures and local polar coordinates for the general airborne BSAR system, and the sampling requirements for the polar grids were derived in [47] . However, the motion error of the radar tracks was not considered in the derivation of the sampling requirement for the polar grids, which cannot offer a near-optimum tradeoff between the phase errors and computational complexity. Authors of [46] also developed another bistatic FFBP method for the raw data reconstruction for the UWB BSAR system with a linear track, which was based on the subaperture processing and local beamforming [48] . However, it only provided the requirement for selecting the subapertures and subimages, but didn't offer the sampling requirements of the beams for corresponding subimages. Moreover, it requires the local beamforming from the radar raw data as an the intermediate processing in the ground plane, which cannot be exactly referenced to the radars' track considering the platform altitudes. Similarly, the motion error of the radar track was not considered in the derivation of the requirement or sampling requirement, which also cannot offer a near-optimum tradeoff between the phase error and computational complexity.
On the basis of the previous researches, we present a high-efficiency and high-precision reconstruction strategy for the P-band UWB BSAR raw data including the motion errors, which is also based on the subaperture processing and local beamforming [43] , [48] . Compared with [48] , in the presented method, the motion errors of the radar platforms are considered in the deviation of the requirement for selecting the subaperture and subimage and sampling requirement of the beam for the subimages, which can give a near-optimum tradeoff between the phase error and computational complexity in the P-band UWB BSAR raw data reconstruction. Besides, the presented method requires the local beamforming from the radar raw data as an intermediate processing step in the slant range plane instead of the ground plane, which can be accurately referenced to the tracks of the transmitter and receiver considering the platform altitudes.
Finally, the presented method not only can precisely handles the P-band UWB BSAR raw data of the huge amount, big spatial-variance, significant range-azimuth coupling and complicated motion error, but also keep the accuracy and robust of the FDR strategy but with a reduced computational complexity. A part of this work has been published in [49] and [51] .
The organization of this paper is listed. In Section II, the geometric configuration of the P-band UWB BSAR is built, and the bistatic BP method for the raw data reconstruction is derived. In Section III, the subaperture processing and local beamforming in the presented FFBP method are proposed, and the requirement for selecting the subaperture and subimage is derived by analyzing the bistatic range error considering the motion errors, as well as the sampling requirement of the beam for subimages. The realization and computational complexity of the presented FFBP method are analyzed, and the speed-up factor of the presented FFBP method with respect to the bistatic BP method is derived. In Section IV, the presented FFBP method is tested and validated by the simulated and measured P-band UWB BSAR data. Section V provides a conclusion.
II. BISTATIC BP METHOD FOR P-BAND UWB BSAR A. GEOMETRIC CONFIGURATION
Geometric configuration of the P-band UWB BSAR system with the platform altitude including the motion error can be shown in Fig.1 . The ideal flight tracks of the transmitter and receiver are represented as the dashed beelines l 1 and l 3 , but their actual tracks are represented as solid curves l 2 and l 4 , respectively. r T (η) = (x T (η), y T (η), z T (η)) and r R (η) = (x R (η), y R (η), z R (η)) are the positions of the transmitter and the receiver at slow time η, respectively. Without loss of generality, in this geometric configuration, the receiver operates in the side-looking spotlight mode, while the transmitter operates in the forward-looking spotlight mode [49] . Provided that the transmitter's illuminating beam is always covered by the receiver's illuminating beam to insure the synchronization of this P-band UWB BSAR system [49] . Suppose that P is an arbitrary scatterer in the illuminated scene, with the position r P = (x P , y P , 0). Thus, the bistatic distance from the scatterer P to the transmitter and receiver at the slow time η is [49] 
Transmitted radar signal p(τ ) is assumed to be the linear frequency modulation signal, after the range-compression, the received raw data from the scatterer P becomes [49] 
σ P is the coefficient of the scatterer P, p rc [·] is the rangecompressed envelope, B is the bandwidth, τ is the fast time, c is the light speed, and f c is the carried frequency.
B. BISTATIC BP METHOD
The backprojection of the range-compressed P-band UWB BSAR raw data in the bistatic BP method is performed over an ellipsoidal mapping [49] . Here, the foci of the mapped ellipsoid are the actual transmitter and receiver positions, which can be used to define the major axis of the mapped ellipsoid [48] . Provided that r = (x m , y n , 0) is an arbitrary sample in the illuminated scene, and the value of the P-band UWB BSAR image at the sample r, reconstructed by the bistatic BP method [49] , is given by
T is the integration time, and η c is the time corresponding to the aperture center of the transmitter (receiver). R(η, r) is the bistatic distance from the transmitter and receiver to the sample r at the slow time η [48] , which is given by
III. BISTATIC FFBP METHOD FOR P-BAND UWB BSAR
In this section, an improved bistatic FFBP method is proposed based on the subaperture processing and local beamforming, which is developed from the researches in [43] and [48] , but the motion error is considered in the bistatic range error analysis to derive the requirement of selecting the subaperture and subimage, which can offer a near-optimum tradeoff between the precision and efficiency in the reconstruction of the P-band UWB BSAR raw data. Unlike the bistatic FFBP method given in [48] , the local beamforming is highly performed in the slant range plane instead of the ground plane in the proposed FFBP method, which can be accurately referenced to the tracks of the transmitter and receiver considering the platform altitudes. 
A. SUBAPERTURE PROCESSING AND LOCAL BEAMFORMING
The subaperture processing and local beamforming in the proposed FFBP method is given in Fig.2 . Provided that the complete transmitter and receiver apertures are split into L subapertures, while the full reconstructed P-band UWB BSAR scene is also split into K subimages. In Fig.2 , P l T ,c and P l R,c are defined as the centers of the l-th transmitter and receiver subaperture, respectively. (x k , y k ) is defined as the center of the k-th subimage in the ground plane. For the l-th transmitter and receiver subapertures and the k-th subimage, the beam b l,k (τ ) is the link-line between the center point of the positions P l T ,c and P l R,c and the position (x k , y k ). It is found that a minimum selection of the length of the beam b l,k (τ ) is limited by two solid ellipsoid [48] . The sample number of the beams should be selected to be big enough to cover the Nyquist sampling subimages [49] , and therefore the sampling requirement of the beam b l,k (τ ) for the reconstruction of the P-band UWB BSAR raw data needs to satisfy
where, R l (η, x k , y k ) is the bistatic distance from the aperture positions belonging to the l-th transmitter and receiver subapertures to the center of the k-th subimage, i.e., (x k , y k ) at η [48] , which is given by
indicate the aperture positions belonging to the l-th transmitter and receiver subapertures at the slow time η, respectively. In the local beamforming, all the range-compressed raw data s rc (τ, η) belonging to the l-th transmitter and receiver subapertures are shifted in the fast time R l (η, x k , y k ) c, so the shifted range-compressed raw data in the fast time τ is represented as s rc (τ + R l (η, x k , y k ) c, η) [49] . And, the shifted range-compressed raw data belonging to the l-th transmitter and receiver subapertures are projected into the samples of the beam b l,k (τ ) over an elliptical mapping in Fig.2 , and then added coherently to form the beam b l,k (τ ), which is
η l c is the slow time corresponding to the l-th subaperture center, and T l is the integration time of the l-th subaperture.
B. REQUIREMENT FOR SELECTING SUBAPERTURE AND SUBIMAGE BY ANALYZING BISTATIC RANGE ERROR COSIDERING MOTION ERRORS
For the l-th transmitter and receiver subapertures, the bistatic range error analysis considering the motion errors is shown in Fig.3 . Let us consider one of the aperture positions belonging to the l-th transmitter subaperture (e.g. the first one), the sample (x m , y n ) belonging to the k-th subimage, the corresponding aperture position belonging to the l-th receiver subaperture (e.g. also the first one) [49] . The true bistatic distance from the considered transmitter and receiver aperture positions to sample (x m , y n ) is marked by the black dashed lines in Fig.3 , which is given by
R l,k,m,n R is the distance from the considered receiver aperture position to the sample (x m , y n ), but R l,k,m,n T is the distance from the considered transmitter aperture position to the sample (x m , y n ). In the proposed FFBP method, the sample (x m , y n ) belonging to the k-th subimage is actually mapped by the i-th sample of the beam b l,k (τ ) over an elliptical mapping, and this mapping is marked by a dashed ellipsoid in Fig.3 , whose major axis is the link-line between the center of the l-th transmitter and receiver subapertures [48] . Hence, the processed bistatic distance is the range from the considered transmitter and receiver aperture positions to the i-th sample of the beam b l,k (τ ), which can be marked by the black solid lines in Fig.3 , which is given by
R l,k,i R is the distance from the considered receiver aperture position to the i-th sample of the beam b l,k (τ ), but R l,k,i T is the distance between the considered transmitter aperture position and the i-th sample of the beam b l,k (τ ). There is a difference between the true bistatic distance R l,k,m,n and processed bistatic distance R l,k,i , which may causes phase errors in the P-band UWB BSAR raw data reconstruction.
The bistatic distance from the centers of the l-th transmitter and receiver subapertures to the sample (x m , y n ) is marked by a red dashed lines in Fig.3 , which is given by
where, R l,k,m,n R,c is the distance from the center of the l-th receiver subaperture to the sample (x m , y n ), while R l,k,m,n T ,c is the distance between the center of the l-th transmitter subaperture and the sample (x m , y n ). The bistatic distance from the center of the l-th transmitter and receiver subapertures to the i-th sample of the beam b l,k (τ ) can be marked by the red solid lines in Fig.3 , which is given by
is the distance from the center of the l-th receiver subaperture to the i-th sample of the beam b l,k (τ ), while R l,k,i T ,c is the range between the center of the l-th transmitter subaperture and the i-th sample of the beam b l,k (τ ).
Let d l R be the length of the l-th receiver subaperture along the receiver ideal track, but δ l R is the across-track deviation of the l-th receiver subaperture along the LOS direction from the receiver ideal track [49] . Analogously, d l T can be used to denote the length of the l-th transmitter subaperture along the transmitter ideal track, and δ l T is used to denote the across-track deviation of the l-th transmitter subaperture along the LOS direction from the transmitter ideal track. As show in [49] , D l R is the beeline between the l-th receiver subaperture center and the considered receiver aperture posi-
is the beeline between the l-th transmitter subaperture center and considered transmitter aperture position, and its length is 
ε k is defined as the space between the sample (x m , y n ) and the i-th sample of the beam b l,k (τ ) belonging to the k-th subimage ellipsoidaly mapped by that beam sample. Since the maximum value of ε k is not more than half of the maximum dimension of the k-th subimage, i.e., the diagonal of the k-th subimage d k , thus ε k ≤ d k 2 is reasonable in reality [48] . Applying the law of cosine, the monostatic distance R l,k,i T is calculated and expanded using the Taylor series [49] , which is
Similarly, R l,k,i R can be calculated and approximated as
Analogously, the monostatic distances R l,k,m,n T and R l,k,m,n R can be respectively calculated and then approximated as
On the basis of the property of the ellipse in Fig.3 , we have
The bistatic distance error between the sample (x m , y n ) belonging to the k-th subimage and the i-th sample of the beam b l,k (τ ) is given by
Since the value of the angles θ l T and θ l R is usually very small for the l-th transmitter and receiver subapertures, then the bistatic range error R l,k is further approximated as [49] R
According to the geometric configuration in Fig.3 
where, R l,k,m,n T ,c,min and R l,k,m,n R,c,min are the minimum value of these monostatic distances R l,k,m,n T ,c and R l,k,m,n R,c , respectively. Using the definition in [49] , the upper bound of the bistatic range error is given by
δ l T ,max and δ l R,max are the maximum value of the distances δ l T and δ l R . Thus, the maximum phase error caused by the bistatic range error is given by
where λ min is the minimum radar wavelength.
On the basis of [50] , if the maximum phase error of the FFBP method is smaller than or equal to π 8, the phase error effect caused by the range error can be neglected in the reconstruction of the SAR raw data with the far-field configuration. Therefore, the requirement of selecting the subaperture and subimage for the l-th transmitter and receiver subapertures can be given by (22) , shown at the bottom of this page.
C. REALIZATION PROCEDURE
The realization procedure of the proposed FFBP method for reconstructing the P-band UWB BSAR raw data is similar to that of the bistatic FFBP method given in [48] , while it calculates the subimages on the beams in the slant range plane instead of the ground plane, which can be accurately referenced to positions of the transmitter and receiver. Analogously, the reconstruction of the P-band UWB BSAR raw data by the proposed FFBP method can be divided into two steps: beamforming (BF) step and backprojection (BP) step [49] . The realization procedure of the proposed FFBP method is shown in Fig.4 . The BF step is included in the red dashed rectangle, while the BP step is included in the purple dashed rectangle.
Provided that the number of the aperture positions for both transmitter and receiver are N L . Further assumed that it can be found a factorization of the number of the aperture positions N L into P integer factors matching to P steps [49] , which is given by
where F p is the reduction in the number N L for the transmitter and receiver during the p-th step.
In the first BF step, the full transmitter and receiver apertures are firstly split into L 1 first order subapertures. In addition, the complete reconstructed P-band UWB BSAR scene is split into K 1 first order subimage according to (22) . Then, the first order beams are defined as the link-line between the center point of the l 1 -th transmitter and receiver subaperture centers and the center of the k 1 -th subimage, and these beams are sampled according to the sampling requirement in (5) . At last, the range-compressed raw data belonging to l 1 -th transmitter and receiver subaperture are shifted with respect to the center of the k 1 -th subimage, and the shifted range-compressed raw data are projected into the beam samples of the first order beam b l 1 ,k 1 (τ ) over an ellipsoid, finally accumulated coherently to form the first order beam b l 1 ,k 1 (τ ) [48] , which is given by
where, η l 1 c is the slow time corresponding the l 1 -th subaperture center and T l 1 is the integration time for the l 1 -th subaperture. R l (η, x k , y k ) is the bistatic distance from the aperture positions belonging to the l 1 -th transmitter and receiver subaperture to the center position of the k 1 -th subimage, i.e., (x k 1 , y k 1 ) at the slow time η, which is
are respectively the aperture positions belonging to the l 1 -th transmitter and receiver subapertures at the slow time η. After the first BF step, L 1 × K 1 first order beams are formed to cover K 1 subimages [49] . The sample number of the beams should be selected big enough to cover the beams created in the next BF step [48] .
In the p-th (1 < p < P) BF step, the p-th order beams can be generated from the (p-1)-th order beams formed in the last BF step [49] . At the beginning, every F p smaller (p-1)-th order transmitter subapertures in order are combined together to form a larger p-th order subaperture, therefore the number of the transmitter subapetures is reduced from L p−1 to L p . This step is used to the same number of (p-1)-th order receiver subaperture, and the number of the receiver subapetures is reduced to from L p−1 to L p . Conversely, the larger (p-1)-th order subimages are further split into a number of the smaller p-th order subimages, thus the number of the subimages increases from K p−1 to K p . Second, the p-th order beams are defined as the link-line between the center point of the l p -th transmitter and receiver subaperture centers and the center of the k p -th subimage. Finally, each beam sample of the p-th order beam b l p ,k p (τ ) is projected from the beam samples of the (p-1)-th order beam b l p−1 ,k p−1 (τ ) over an ellipsoid, and supposed coherently to form the p-th order beam b l p ,k p (τ ) [48] , which is
where R is the bistatic distance difference, which is
where
and indicate the centers of the l p−1 -th transmitter and receiver subapertures, respectively. (x k p−1 , y k p−1 ) and (x k p , y k p ) are the centers of the k p−1 -th subimage and k p -th subimage, respectively. After the p-th BF step, L p ×K p p-th order beams are formed to cover K p subimages [49] . It is found that this step is repeated until the final BF step. Please note that the sample number of the beams should be selected big enough to cover either the beams created in next BF step if there are any or the subimages in the BP step [48] .
In the BP step (i.e., the P-th step), in order to reduce the computational complexity, the (P-1)-th order beams are used to form K P the P-th order subimages in the ground plane over an ellipsoid [49] . Firstly, all F p smaller (P-1)-th order transmitter subapertures are combined together to generate the complete transmitter aperture. This step is applied to the same number of (P-1)-th order receiver subapertures. While, the larger (P-1)-th order subimages are further split into a number of smaller P-th order subimages, thus number of the subimages increases from K P−1 to K P . Secondly, the image grid (x m , y n ) belonging to the k P -th P-th order subimage in the ground plane is defined, i.e., (x m,k P , y n,k P ). Finally, the beam samples of the k P−1 -th (P-1)-th order beams are projected into the image grid (x m,k P , y n,k P ) and added coherently to form the k P -th P-th order subimage, which is given by
and
where, indicate the centers of the l P−1 -th transmitter and receiver subapertures, respectively. (x k P−1 , y k P−1 ) is the center of the k P−1 -th subimage.
The final P-band UWB BSAR image is obtained by a union of all subimages in a correct order, which depends on how the P-band UWB BSAR scene is split at the outset [48] . Firstly, K P P-th order subimages can be arranged to build up K P−1 (P-1)-th order subimages, until K 1 first-order subimages are obtained. Secondly, these K 1 first-order subimages are combined to reconstruct the complete P-band UWB BSAR scene. Therefore, the final expression of the proposed FFBP method is given by
The computational complexity (operation number) of the proposed FFBP method mainly includes the operation numbers of the BF and BP, which not only depends on the number of the transmitter and receiver aperture positions and sample number of the P-band UWB BSAR scene, but also is dependent on the selection of the subaperture length and subimage area size [45] . For simplification, it is assumed that there is a constant factorization of the number of transmitter and receiver aperture positions N L during all steps, i.e., N L = F P (F p ≡ F for all p). According to the theoretic resolutions of the Cartesian BSAR image, we can define that the BSAR scene has samples N A × N R in the azimuth and range, respectively. For the first BF step, provided that the number of the beam sample of all first order beam is N B1 , thus the number of the operation to form the first order beams at this step is given by
where F · L 1 = N L . For the p-th (1 < p < P − 1) BF step, provided that the number of the beam sample of all p-th order beam is N Bp . It can be assumed that N Bp ≈ N B1 F p−1 , thus the number of the operation to form the p-th order beams at the p-th BF step can be calculated in a similar way, which is
Hence, the total number of the operation to form all beams at the BF step is computed by
For the BP step, the number of the operation to reconstruct the P-band UWB BSAR scene in the ground plane is given by
where, N SI is the number of each subimage samples at the BP step. Hence, the total operation number (computational complexity) of the proposed FFBP method is given by
In the P-band UWB BSAR scene reconstruction, the number of the aperture positions of the transmitter and receiver subapertures (i.e., the length of the transmitter and receiver subapertures) are usually inversely proportional to the number of the subimage samples (i.e., the square root of the square subimage area) [48] . For the first BF step, there is relationship
where µ is an integer number (µ 1). Because the maximum value of the beam samples N B1 is not more than the maximum dimension of the first order subimage, we can assume that
Substituting (39) and (40) into (38) , the operation number (computational complexity) of the proposed FFBP method is given by
Similarly, the computational complexity to reconstruct the P-band UWB BSAR scene by the bistatic BP method can be also computed as [45] 
According to [45] , the speed-up factor of the proposed FFBP method with respect to the bistatic BP method is defined as (43) , shown at the bottom of this page.
It is found that the speed-up factor κ is determined by the factors N A , N R , N L , F and µ. When the number of the transmitter and receiver aperture position N L increases, only the factor log F N L in (43) increases, where N A , N R , F and µ are assumed to be constant. Taking an example to examine the computational complexity of the proposed FFBP method with respect to the bistatic BP method. We assume that the BSAR scene is square, i.e., N A = N R = N , and then the number of the transmitter and receiver aperture positions is assumed to be N , i.e., N L = N , and the integer number µ is also assumed to be N , i.e., µ = N . The speed-up factor κ is simplify given by From (44) , it can be found that the computational complexity of the proposed FFBP method is reduced approximately κ times compared with the bistatic BP method. According to (44) , the logarithm (base 2) of the speed-up factor κ with respect to N for the different factorization F is shown in Fig.5 . In Fig.5 , it is seen that the logarithm of the speed-up factors marked by the different colors are almost directly proportional to log 2 N in the most range. It can be found that, the larger the factorization F, the smaller the speed-up factor κ. Moreover, for a constant value of F, as the radar pulse number N increases, the speed-up factor κ increases. In addition, the speed-up factor κ for different factorization F are smaller than one, when the radar pulse number N is very small. It can be found that the reason is that the proposed FFBP method has more operation number on the calculation and interpolation of the beam samples than that of the bistatic BP method [45] . In comparison to the bistatic BP method, the proposed FFBP method has a well acceleration for the high resolution reconstruction of the P-band UWB BSAR raw data, but doesn't offer any acceleration for the low-moderate resolution reconstruction of the P-band UWB BSAR raw data [45] .
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IV. EXPERIMENTAL RESULTS
In order to validate the proposed FFBP method for the reconstruction of the P-band UWB BSAR raw data, the experimental results based on the simulated and measured data are shown and analyzed. The simulated P-band UWB BSAR data of the scene containing several point-like scatterers and measured BSAR data acquired by the P-band UWB BSAR experiment are reconstructed by the proposed FFBP method and bistatic BP method.
A. SIMULATED DATA OF POINT-LIKES SCATTERERS Fig.6 shows the geometric configuration of the simulated P-band UWB BSAR experiment including the motion errors. The parameters of the simulated P-band UWB BSAR experiment are shown in Table 1 . The receiver ideal track is parallel to the Y axis, and the angle between the ideal track of the transmitter and the X axis is about 33.69 • . The transmitter and receiver positions at η = 0 are (x T 0 , y T 0 , z T 0 ) and (x R0 , y R0 , z R0 ), respectively. For simplicity, we assume that the same motion error is added to the ideal tracks of both transmitter and receiver. The motion error in the X axis is δ Tx = δ Rx = 4 sin 2π(1 T a )η + 0.2η, the motion error in the Y axis is δ Ty = δ Ry = sin 2π(0.1 T a )η + 0.3η, and the motion error in the Z axis is δ Tz = δ Rz = 2 sin 2π (0.3 T a )η + 0.1η. T a is the synthetic aperture time in Table 1 . The size of the simulated BSAR scene is 300m × 300m in range and azimuth, respectively. The scene contains nine point-like scatterers labeled as A∼I in 3 rows and 3 columns, which are equally spaced in an area. Both the azimuth and range intervals of all point-like scatterers are 100m in the ground plane, and the RCS of all point-like scatterers are assumed to be 1 m 2 . The point-like scatterer E is located at the center of the scene, i.e., (1650, 0, 0)m. The sampling intervals of the Cartesian BSAR image grid are assumed to be 0.8m in the azimuth and 0.6m in the range, respectively. Please note that, for the evaluation purpose, the effects of the radio frequency interference (RFI), jamming, clutter, noise, multi path, and local reflection are not considered in this paper. Fig.7 gives the reconstruction results of the simulated P-band UWB BSAR raw data by two methods. In Fig.7(a) , all point-like scatterers in the simulated BSAR scene are well focused by the bistatic BP method, and appear like the points. In Fig.7(b) , it can be found that the simulated BSAR scene can be also well reconstructed by the proposed FFBP method, and all point-like scatterers also appear like the points. It is seen that the focusing quality of all point-like scatterers in Fig.7 (b) looks quite like that in Fig.7(a) . Fig.8 shows the reconstruction results of the point-like scatterers E, I and A, which are extracted from Fig.7 . Because the range and azimuth resolutions of the selected point-like scatterers is different, thus the scale of the images in the range and azimuth direction is different in Fig.8 , in order to offer a clearer comparison of the focusing performance of selected point-like scatterers obtained by the two methods, both in the range and azimuth. In Fig.8(a) , it can be found that the P-band UWB features of the selected point-like scatterers, such as the symmetrical, nonorthogonal and orthogonal sidelobes. However, it can be found that the azimuth nonorthogonal sidelobes of the selected point-like scatterers in the lower left and upper right are weaker than those in the upper left and lower right, which could be dependent on the BSAR geometric configuration, e.g., the angle between the tracks of the transmitter and receiver. In addition, it is found that the range sidelobes of the selected point-like scatterers are inclined with a certain angle, which may depend on the motion of the illuminating beam centers of the transmitter and receiver. In Fig.8(b) , it is found that the reconstruction results of the selected point-like scatterers are very similar to those in Fig.8(a) . Also, the typical P-band UWB feature of the point-like scatterer illuminated by the P-band UWB BSAR can be also observed in Fig.8(b) . Unfortunately, the reconstruction quality of the selected point-like scatterers in Fig.8(b) is slightly degraded with respect to those in Fig.8(a) , since there may be little residual phase error caused by the approximate processing in the proposed FFBP method. Fortunately, the effect of the residual phase error is only small at the lower contour levels, while hardly visible at the high contour levels. That is to say, only the sidelobes of the point-like scatterers may slightly suffer from the effect of this phase errors.
To offer a more clear evaluation, the amplitude and phase profiles of the reconstruction results of the selected point-like scatterers in the azimuth and range are extracted from Fig.8 , and plotted in Fig.9∼ Fig.11 . From Fig.9∼ Fig.11 , it is seen the amplitude and phase profiles of the reconstructed point-like scatterers by two methods are very similar. Properly speaking, in the mainlobe areas of the amplitude profiles, it is hardly possible to see the differences between two methods. However, in the sidelobe areas of the amplitude profiles, there is still slight difference between two methods, due to the effect of the residual phase errors in the proposed FFBP method. It is clearly found that the similar performance can be observed in the phase profiles for all selected point-like scatterers by two methods. It is hardly possible to see any difference in the mainlobes of the angle profiles (phase profiles) between two methods, while there is a slight difference in the sidelobes of angle profiles between two algorithms. Luckily, such influence of residual phase errors in the proposed FFBP method only degrades slightly the quality of the P-band UWB BSAR images. In order to quantitatively analyze the performance of the proposed FFBP method, the measured parameters (i.e., the resolution, peak sidelobe ratio (PSLR) and integrated sidelobe ratio (ISLR)) of the P-band UWB BSAR image are calculated based on the amplitude profiles in Fig.9∼ Fig.11 , which are listed in Table 2 . From Table 2 , we can see that measured parameters by two methods are nearly the same. The PSLRs and ISLRs of the selected point-like scatterers by two methods are very similar. However, the resolutions of the selected point-like scatterers by the proposed FFBP method become little worse than those of the bistatic BP method, due to the effect of the residual phase errors in the proposed FFBP method.
Compared to the bistatic BP method, the efficiency improvement of the proposed FFBP method is decided by the reduction of the reconstruction time of the BSAR scene by the proposed FFBP method. Thus, the reconstruction time of two methods is measured on the same condition. They are programmed and run in MATLAB on a Personal Computer with a 2.93 GHz Dual-Core Central Processing Unit and 2.00 GB Random Access Memory. Reconstruction time of the proposed FFBP method and bistatic BP method are 46.2s and 665.8s, respectively. Thus, the reconstruction efficiency of the proposed FFBP method, compared with the bistatic BP method, can be improved about 14.5 times, which corresponds with the theoretical results in Fig.5 .
B. MEASURED DATA OF P-BAND UWB BSAR EXPERIMENT
To prove the applicability of the proposed FFBP method, the P-band UWB BSAR experiment has been conducted to acquire the measured BSAR data [51] , which is processed by the two methods, and then the reconstruction results are shown and analyzed. In the summer, a vehicle-based along track P-band UWB BSAR experiment has been conducted in China [51] , which is shown in Fig.12. In Fig.12(a) , the dashed line was the vehicle's ideal track, and the solid curve was its actual track. In Fig.12(b) , P-band UWB BSAR system was integrated onboard an IVECO vehicle. The transmitting antenna was set on the right front of the vehicle's roof, and the receiving antenna has been set on the right rear of the vehicle's roof, which were arranged in a HH polarization [51] . Transmitter transmitted the chirp radar signal to the scene, whereas the receiver illuminated the same region and then received the scattered signal of the scene. The global positioning system (GPS) antenna was set on the middle of the vehicle's roof to record the vehicle position information. In Fig.12(c The parameters of the along-track P-band UWB BSAR experiment is listed in Table 3 . The vehicle moves along the Y axis with the speed about 3.5m/s. The initial positions of the transmitting and receiving antennas are about (0, 2, 4)m and (0, −2, 4)m. One data site was selected for the reconstruction: the scene is a flat area, which has the size about 110m in the X axis and 80m in the Y axis. The scene center is about (75, 40, 0)m. Fig.13 gives the bistatic raw data of the scene in the frequency domain and time domain. In Fig.13(a) , the real (blue line) and imaginary (red line) components of the bistatic raw data is not complicated due to the geometric configuration. In Fig.13(b) , we can see the raw data of the metallic targets in the frequency domain, since these metallic targets were deployed at the flat and open square, the power of their raw data is strong in theory.
To prove the feasibility of the proposed FFBP method, the vehicle-based along-track P-band UWB BSAR raw data is reconstructed by the bistatic BP method and proposed FFBP method, which is shown in Fig.14. From Fig.14, it is seen that the scene is well reconstructed by two methods, and the metallic targets as well as the gymnasium are well focused, the P-band UWB feature of the metallic targets can be clearly observed. Besides, it is found that the BSAR image in Fig.14(b) by the proposed FFBP method is very similar to the BSAR image in Fig.14(a) by the bistatic BP method. However, the reconstruction quality of the BSAR image in Fig.14(b) is slightly degraded compared with that of the BSAR image in Fig.14(a) , since there may be still residual phase error in the proposed FFBP method.
To quantitatively evaluate the reconstruction quality of the BSAR images in Fig.14 , the resolutions and PSLRs in the X and Y axes of the focused triangle reflector and cylinder in the yellow circles in Fig.14 are measured , and then listed in Table 4 . From Table 4 , it can be found that the measured parameters by two methods are very similar, which proves the validity of the proposed FFBP method. The reconstruction time of the scene using the bistatic BP method is about 23028s, while the reconstruction time of the scene using proposed FFBP method is about 2123s. Compared with the bistatic BP method, the reconstruction efficiency of the proposed FFBP method is improved about 10.8 times, which shows that it is able to satisfy the high-efficiency and high-precision reconstruction of the P-band UWB BSAR raw data in reality.
V. CONCLUSION
This paper presents a high-efficiency and high-precision reconstruction strategy for the P-band UWB BSAR raw data of the huge amount, large spatial-variance, significant range-azimuth coupling and complicated motion error. This method requires the local beamforming from the raw data as an the intermediate processing in the slant range plane instead of the ground plane, to be exactly referenced to the tracks of the transmitter and receiver considering platform altitudes. And, it derives the requirement for selecting the subapertures and subimages by analyzing the bistatic range error considering the motion errors, as well as the sampling requirement of the beam for the subimages, to offer a near-optimum tradeoff between the reconstruction efficiency and precision. The proposed reconstruction strategy has been verified by the simulated and measured P-band UWB BSAR raw data, which confirms that this proposed strategy is effective, and can achieve the near optimal performance with a low computational complexity. In the future works, we would like to focus on the detection, identification and classification of the concealed targets by the P-band UWB BSAR system, and then the more extensive P-band UWB BSAR experiment with the different operation modes will be carried out, and then the corresponding data processing strategy will be studied. JUN HU (Member, IEEE) received the B.S. degree in electronic information engineering from Hunan University, Changsha, China, in 2008, and the M.S. degree in electronic science and technology and the Ph.D. degree in information and communication engineering from the National University of Defense Technology, Changsha, in 2010 and 2015, respectively.
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